Rayleigh scattering correlation microspectroscopy is developed and applied to study diffusion dynamics of some nanospheres in water. It was clearly found that the diffusion constant of gold nanoparticles decreased with increasing excitation laser power at the excitation wavelength of higher absorption cross section. This behavior was explained in terms of a coupling between laser trapping by the scattering excitation laser itself and laser heating of the particle. In the case of non-absorbing nanospheres such as silica and polystyrene, the excitation power dependence can be ascribed only to the laser trapping. Experimental setup is introduced, theoretical formulation is described, and future development of this measurement is considered.
INTRODUCTION
When laser light is tightly focused close to the diffraction limit by using high numerical aperture lens, photon momentum transfer results in formation of three dimensional trapping potential, exerting photon pressure on small targets.
Utilizing the photon force, optical tweezers methods have been developed and laser trapping phenomena have been elucidated 1 . In the past few decades, a tremendous amounts of papers have been published on trapping and manipulating micrometer-sized objects from polymer particle to biological applications 2 , 3 . Recently, the target of the photon pressure is expanding towards nanomaterial and small molecules 3 . When the photon pressure potential is sufficiently larger than the thermal energy of the nanomaterials, they can be trapped stably at the focus. The depth of the photon pressure potential is determined by polarizability of the trapped material and laser power. The polarizability of such nanomaterial is roughly linear to the volume, so that combination of intense laser light with a high numerical aperture lens becomes more essential for nanomaterial to overcome the thermal energy. In this size region, a number of nanomaterials can be trapped in a single _________________________________________________________________________________________________________ *Emails; uwada@josai.ac.jp (TU), masuhara@masuhara.jp (HM) Phone +81-049-271-7996, Fax +81-049-271-7985 (TU) Phone +886-3-571-2121 ext. 56593, Fax +886-3-571-2121 ext. 56593 (HM) focal point simultaneously, because the laser spot is much larger than nanometer scale. Interestingly, the trapped nanomaterials can be assembled in the focal point, which indicates that photon pressure can modify an electrostatic interaction among nanomaterials in the focal point. Our group has reported some applications of this photon pressure to assembling of nanomaterial such as metallic nanoparticles 4 , latex nanoparticles 5 , polymers 6 , 7 , 8 , 9 , molecular J-aggregates 10 , and so on. Recently our group achieved photon pressure-induced crystallization and crystal growth of amino acids in solution 11 , 12 , 13 , which clearly shows further potential application of photon pressure.
Despite development of the photon pressure application to nanomaterial/small molecule assembling and crystallization, the dynamic processes of the optical assembly in real space have been rarely considered due to the lack of mature methods for studying the diffusion properties in such microscopic region. Although spectroscopic detection of nanoparticles aggregation at the trapping laser focus were performed In this study, we built a Rayleigh scattering correlation microspectroscopy system, which enables us to measure ACF based on the intensity fluctuation of Rayleigh (elastic) scattering at different wavelength under an optical microscope with a confocal setup, and studied ACF of nanospheres suspension in water as a function of input laser power for Rayleigh In this presentation we report experimental system and theoretical formulation, and analyze and consider diffusion dynamics of several nanoparticles under laser trapping.
EXPERIMENT
Gold nanospheres (diameter: 0.1 µm. Gold: EMGC100, BBI.) were dispersed in pure water with the concentration 1×10 9 particles/ml. After sonication for 10 minutes, the colloidal solution was contained in a perfusion chamber (diameter:
1 cm, depth: 2 mm, CoverWell, Electron Microscopy Science) settled on a cover glass slide and was used as a sample. For comparison, samples of silica or polystyrene nanospheres (Silica: 24041-10, Polyscience. Polystyrene: 00876-15,
Polyscience.) dispersed in pure water were also prepared in a same manner. 
RESULTS AND DISCUSSION
A representative scattered light intensity fluctuation from gold nanosphere suspension with 10 µW excitation at 532 nm is shown in Fig. 2 (a) . The spike-like signal is due to Rayleigh scattering from a nanoparticle, which crosses the laser focus volume within short time. In this study, this intensity fluctuation in time domain is analyzed by autocorrelation function that generates an ACF curve G diff (τ), which visualizes diffusion motion of particles in solution based on following equation 17 , 18 .
where N is an average number of particles in an effective focal volume. The focal volume at the focus of a Gaussian laser where D denotes diffusion constant of the particles. ω 0 , η, a, and T corresponds to the laser beam radius, viscosity of solvent, the particle radius, and temperature, respectively.
On the basis of this analysis for the signal fluctuation, the ACF curves of gold nanosphere suspension irradiated at 532 nm and 800 nm with ranging from 10 µW to 20 mW are obtained and shown in Fig. 2(b) and (c). Under 532 nm irradiation, it is shown that the ACF of gold nanospheres shifted to the short-delay-time side with increasing the laser power. Because the shorter decay of the ACF leads to the decrease of the diffusion time as shown in eq. (1), so that this behavior implies that diffusion speed increased with the increase in laser power.
On the other hand, under 800 nm irradiation, the ACFs of gold nanospheres did not show large increase in diffusion time when irradiation power increased. The diffusion time constant τ D of gold nanosphere was obtained as a function of the irradiation power at 532 nm and 800 nm by the curve fitting of the ACFs and summarized in Fig. 2 (d) . Because of the difference of the geometric factor k in eq. (1) which depends on the size of the focal spot (k = 0.189 and 0.126 for the detection wavelength at 532 nm and 800 nm, respectively, based on our optical setup), the diffusion time is in principle larger at 532 nm excitation as seen in the lower power range. However, above milli watt order, the diffusion time at 532 nm became smaller than that at 800 nm, and the difference gradually became larger with increasing the input power.
Eventually, we found that gold nanosphere diffusion time constant increased up to 4 times when laser intensity increased at 532 nm. Figure 3 . Extinction spectra of the gold, polystyrene and silica nanospheres used in this study. Sample is measured by UV-vis. absorption spectroscopy. The concentration of the colloidal solution was ca. 5.5×10 9 particle/ml.
In principle, observation in the optical fluctuation spectroscopy does not depend on the excitation wavelength and power. However, in this case, we suppose that the laser excitation itself affected the hydrodynamics of the particle with depending on the laser wavelength and power. To establish the DLS technique under an optical microscope, the mechanism should be examined and clarified. Possible mechanism is originated from highly light absorption and scattering in gold nanospheres. As shown in Figure 3 , gold nanospheres with the diameter of 100 nm exhibits strong extinction in visible region especially around 550 nm. In spherical particles, they show resonance band of free electron oscillation upon electric field of incident light around 550 nm, which is called as localized surface plasmon resonance (LSPR) band. Therefore, scattering and absorption cross sections, C sca and C abs , respectively, are larger around the resonance band compared with out of the resonance band. It should be noted here that the extinction spectrum shows sum of C sca and C abs , thus (extinction spectrum) ∝ C sca +C abs . At first, let us consider the effect of the scattering/absorption force driving on the particle.
Theoretically, when photon pressure is exerted on nanomaterials, i.e., Rayleigh particles that are smaller than the wavelength of laser light, the time-averaged total force acting on the trapped particles can be written as follows 23, 24 ;
where E and B denote the electric field and magnetic flux density, respectively, and ∇ represents a gradient with respect to the spatial coordinates. ε m , n m , C scat , C abs , and c represent the permittivity of the surrounding medium, its refractive index, light scattering and absorption cross section of the particle, and speed of light in vacuum, respectively. The polarizability of the particle, α, under the dipole approximation is given by where r, and n p are the radius of the particle and the refractive index of the particle, respectively. The gradient force of photon pressure is described as the first term of eq. (3). The scattering/absorption force to the particle, which is given in the second term of eq. (3), is derived from the change in the direction of the Poynting vector of the electromagnetic wave.
As expressed in eq. (3), the gradient force is proportional to the gradient of light intensity and points in the direction of the intensity gradient, while the scattering force is proportional to the Poynting vector and the direction is along the beam direction. Thus the gradient force can trap the particle at the focal spot but scattering/absorption force may disturb stable trapping.
Time averaged trapping and scattering/absorption force energy are summarized as below. is expressed by modification of eq. (2) as follows 5 ;
where τ D is the diffusion time without the photon pressure in the field. This equation implies that the diffusion time increase with the trapping potential energy, however, the scattering and absorption energies disturb it.
As shown in eq. (5), the energies U trap and U sca+abs are proportional to electric field-squared E 2 . In polar coordinate system, the electric filed E(r,z) is connected to the light intensity distribution I(r,z) as follows 
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where P and ω 0 denote laser power and beam radius at the waist in lateral, respectively. At trapping wavelength λ=532 nm and numerical aperture of objective lens NA=0.9, we determined ω 0 as 680 nm. At the center of the focal spot, r=0, then we can calculate energies in eq. (5). Trapping potential is larger than 3 times of the sum of scattering and absorption potential at 532 nm and is larger than 40 times of the sum at 800 nm.
The comparison between calculated U trap and U sca+abs as a function of the incident laser power based on eq. (5) is shown in Figure 4 , where trapping potential is larger than 3 times of the sum of scattering and absorption potential at 532 nm and is larger than 40 times of the sum at 800 nm. As parameters, the complex refractive indices of gold at 532 and 800 nm are taken from a literature by Johnson 25 . The scattering and absorption cross sections of a gold nanoparticle with 100 nm-diameter embedded in a medium whose refractive index are calculated on the basis of Mie theory. Refractive index of the medium is set to 1.33. The other parameters are chosen from the experimental condition. As shown in Fig. 4 , both of the trapping potential and scattering/absorption energies increases super linearly with the input power. The amount of the energy in the trapping potential is always higher than that of absorption/scattering energy, indicating the gold nanoparticles can be trapped at the focus. The values of the trapping potential energy is always larger at 532 nm input, resulting from the higher polarizability. On the other hand, the ratio between U trap and U sca+abs can be explained in terms of the difference of absorption and scattering cross section of a gold nanoparticles at 532 and 800 nm. This simulation clearly suggests that the effect of the incident laser on scattering and absorption force is critical near the LSPR wavelength and the diffusion time, τ D ', would be much more modified by them compared to the case at 800 nm excitation according to eq. (7), while the trapping force is also strong at 532 nm. We consider that this estimation is consistent with the experimental result. Power ! W Figure 5 . The calculated surface temperature of gold nanosphere as a function of irradiation power at 532 and 800 nm.
Secondly, temperature elevation of the particle medium induced by laser heating by the excitation laser should be considered 26 . Because the metallic nanoparticle such as gold absorbs and scatters light energy efficiently around LSPR band, the part of the absorbed energy can be converted to heat, resulting in temperature elevation of the particle 27 . Then the heat is consequently transferred to the surroundings, so called as the photo-thermal effect. Under this circumstance, temperature change around gold nanosphere will be significant. From eq. (2), it can be predicted that the diffusion motion becomes vigorous upon higher laser intensity input leading to temperature elevation in the particle medium. At steady state, temperature elevation around the laser-heated particle as a function of r, distance from the center of the particle, is formulated as follows 27 ;
where Q, κ denotes absorbed energy by a particle and thermal conductivity of water. dQ/dt can be connected to the absorption cross section of the particle, C abs , and input laser power by using eq (9) as follows. According to eq. (11), the steady-state temperature of a gold nanoparticle at the surface (r=a) as a function of the laser power is calculated and summarized in Figure 5 . The C abs value of the 100-nm-diameter gold nanparticle is calculated based on Mie theory. It is obvious that the temperature of gold elevates quite drastically at 532 nm excitation, whereas that at 800 nm excitation is almost constant. The generated heat in the particle by laser excitation is of course transferred to the surrounding and disturbs the particle motion via eq. (2), resulting in the shorter diffusion time. In addition, the high temperature also affects the stability of the laser trapping, as shown in eq. (6) . Consequently, we conclude that a coupling between the laser trapping and the laser heating induced by the excitation of DLS can modify the ACF curves and this is 
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quite dependent on the scattering and absorption cross sections, which varies with the wavelength. Because the DLS measurement itself can affect ACF curve if the particle exhibit strong scattering/absorption, the careful data treatment is required in such case. In order to clarify this assumption concerning the coupling of laser trapping and laser heating under DLS measurement, we then examined the irradiation power-dependence of the diffusion motion for polystyrene and silica nanospheres as shown in Fig. 6 . In contrast to gold nanospheres, ACFs of polystyrene and silica nanospheres shifted to the long-delaytime side, implying slower diffusion of nanospheres. Besides, at laser power above 10 mW, the ACF of polystyrene and silica nanospheres appeared to consist of more than one diffusion time constant so the ACF shape changed from single exponential decay. The long-delay-time part of the ACF indicated that some particles in the sample were diffusing slower than the others. Because silica and polystyrene show little absorption at 532 nm, the absorption cross sections of them are almost zero at the wavelength. Therefore we can neglect the absorption force here and laser heating. In addition, such nonmetallic materials does not possess strong polarizability, so that their scattering cross sections are also negligible.
Eventually we can consider only U trap , indicating that the laser tapping force acts on and stabilizes the particles by the incident laser. This also results in the slower diffusion time with increasing the input laser power. At moment, we cannot discuss the reasons why the diffusion time jump above 10 mW irradiation in both silica and polystyrene and why the ACF curves shows two component at higher laser power irradiation. However, we safely propose that the laser trapping dynamics can be traced by Rayleigh scattering correlation spectroscopy in the case of non-absorbing nanoparticles/molecules without using two lasers for laser trapping and DLS because the both roles can be achieved by the single laser as we demonstrated here.
SUMMARY
We have examined excitation laser power and wavelength dependence on microscopic motions of nanoparticles in suspension on the basis of Rayleigh scattering correlation microspectroscopy. It was clearly found that the diffusion constant of gold nanoparticles decreased with increasing excitation laser power at the excitation wavelength of higher absorption cross section. This behavior was explained in terms of a coupling between laser trapping by the scattering excitation laser itself and laser heating of the particle. In the case of non-absorbing materials, silica and polystyrene, the excitation power dependence can be ascribed only to the laser trapping. This means, when we study molecule/nanomaterials assembling dynamics, for example laser trapping crystallization as we demonstrated, under laser trapping by microscopic DLS, it is not necessary to introduce two lasers for laser trapping and DLS independently, because the scattering excitation laser can be used as the trapping laser simultaneously. On the other hand, in the case of highly thermal conductive material such as metal, the scattering excitation wavelength should be carefully selected to avoid laser heating of particles and following heat dissipation to the surrounding. Recently, laser trapping of metallic nanoparticles with ultrashort pulse laser have been demonstrated 28 , 29 , showing suppression of the heat dissipation. This indicates that ultrashort pulse excitation of DLS can be considered from the viewpoint of the hydrodynamic study of metallic nanoparticles. As mentioned above, DLS can be widespread application in many fields including biological systems, intercellular protein dynamics, reaction kinetics, and so forth compared with FCS because it does not rely on fluorescence tagging technique and/or fluorephore. However, we have demonstrated that the excitation laser itself can act as a trapping laser. We propose that further and detailed examination of the experimental parameters DLS is required depending on the target material, then fruitful investigation will be achieved.
